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(57) ABSTRACT

A new hybrid nanoparticle, i.e., a nanorice particle, which
combines the intense local fields of nanorods with the highly
tunable plasmon resonances of nanoshells, is described
herein. This geometry possesses far greater structural tunabil-
ity than previous nanoparticle geometries, along with much
larger local field enhancements and far greater sensitivity as a
surface plasmon resonance (SPR) nanosensor than presently
known dielectric-conductive material nanostructures. In an
embodiment, a nanoparticle comprises a prolate spheroid-
shaped core having a first aspect ratio. The nanoparticle also
comprises at least one conductive shell surrounding said pro-
late spheroid-shaped core. The nanoparticle has a surface
plasmon resonance sensitivity of at least 600 nm RIU™'.
Methods of making the disclosed nanorice particles are also
described herein.
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NANORICE PARTICLES: HYBRID
PLASMONIC NANOSTRUCTURES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a filing under 35 U.S.C. 371 of Interna-
tional Application No. PCT/US2007/063201 filed Mar. 2,
2007, entitled “Nanorice Particles: Hybrid Plasmonic Nano-
structures,” claiming priority of U.S. Provisional Application
Ser. No. 60/779,166 filed Mar. 3, 2006, which applications
are incorporated herein by reference in their entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This work was supported by the National Science Founda-
tion (NSF) Grant EEC-0304097, Air Force Office of Scien-
tific Research Grant F49620-03-C-0068, Texas A & M Uni-
versity Grant No. 68371 through pass through funding
provided by the National Aeronautics and Space Administra-
tion (NASA) Grant 68371 Prime Agency Award No.: NCC-
01-0203, Robert A Welch Foundation Grants C-1220 and
C-1222, Multidisciplinary University Research Initiative
(MURI) funded by the Department of Defense: Army Grant
No. WI11NF-04-01-0203, and the NSF-funded Integrative
Graduate Research and Educational Training (IGERT) pro-
gram in Nanophotonics funded by the National Science
Foundation Grant No. DGE-0504425.

BACKGROUND

1. Field of the Invention

This invention relates to generally to the field of nanopar-
ticles. More specifically, the invention relates to nanorice
particles.

2. Background of the Invention

Metals have unusual optical properties and, under reduced
dimensionality, can manipulate light in unique ways. The
interaction of light with the free electrons in a metal gives rise
to collective oscillations of the charge density at optical fre-
quencies, known as surface plasmons. Metallic nanostruc-
tures have recently attracted a dramatic increase in attention
due to their plasmonic properties, which allows for the devel-
opment of fundamentally new metal-based subwavelength
optical elements with broad technological potential, an
emerging field known as plasmonics. Metallic nanostructures
possess geometry-dependent localized plasmon resonances,
which is one of the major reasons for the growing interest in
a rapidly expanding array of metallic nanoparticle geom-
etries, such as nanorods, nanorings, nanocubes, and
nanoshells. The resonant excitation of plasmons also leads to
large enhancements of the local electromagnetic field at the
nanoparticle surface, resulting in dramatically large cross
sections for nonlinear optical spectroscopies such as Surface-
Enhanced Raman Scattering (SERS). However, designing
and fabricating nanostructures that combine highly structur-
ally tunable plasmon resonances with large, well-defined
local optical fields remains a formidable task.

Two types of metallic nanostructures that most character-
istically illustrate the geometry-dependent plasmon resonant
properties of this family of nanoparticles are cylindrical nano-
particles, commonly called nanorods and dielectric core-
metal shell nanoparticles, known as nanoshells. Nanorods
possess two plasmon resonances corresponding to the oscil-
lation of electrons along the longitudinal and transverse axes
of'the nanoparticle; by changing the length of the nanorod, the
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longitudinal plasmon resonance frequency can be systemati-
cally tuned. Nanoshells only possess two tunable resonances
arising from the hybridization of the plasmons on the inner
surface of the shell with the plasmons on the outer shell
surface, and can only be tuned by varying the relative size of
the inner and outer radius of the metallic shell layer.

Consequently, there is a need for nanoparticles which have
improved tunability with well-defined local field enhance-
ment.

BRIEF SUMMARY

A new hybrid nanoparticle, referred to herein as a nanorice
particle, that combines the intense local fields of nanorods
with the highly tunable plasmon resonances of nanoshells is
described herein. This geometry possesses far greater struc-
tural tunability than previous nanoparticle geometries, along
with much larger local field intensity enhancements and far
greater sensitivity as a surface plasmon resonance (SPR)
nanosensor than presently known dielectric-conductive
material nanostructures. Further features of embodiments of
the nanorice particle are described below.

In an embodiment, a nanorice particle comprises a prolate
spheroid-shaped core having a first aspect ratio. The nanorice
particle also comprises at least one conductive shell surround-
ing said prolate spheroid-shaped core. The nanorice particle
has a surface plasmon resonance sensitivity of at least 600 nm
RIU-L.

In another embodiment, a nanoparticle comprises an ellip-
soidal core coated with at least one conductive shell. The
nanoparticle has a local field enhancement of at least 60.

In a further embodiment, a method of making a nanorice
particle comprises providing at least one core having a prolate
spheroid shape. The method further comprises coupling a
plurality of functional groups to the at least one core. The
method also comprises coupling a plurality of conductive
nanoparticles on to the plurality of functional groups to form
atleast one seeded core and reducing a conductive material on
to the at least one seeded core to make a nanorice particle.

In an embodiment, a method of tuning a surface plasmon
property comprising providing a nanoparticle having a pro-
late spheroid shape, a longitudinal length, and a first aspect
ratio. The nanoparticle comprises a prolate spheroid core
having a second aspect ratio. The core is surrounded by a
conductive layer. The method also comprises adjusting the
first aspect ratio, the second aspect ratio, the longitudinal
length of the nanoparticle, or the thickness of the conductive
layer to tune the surface plasmon property.

The foregoing has outlined rather broadly the features and
technical advantages of the invention in order that the detailed
description of the invention that follows may be better under-
stood. Additional features and advantages of the invention
will be described hereinafter that form the subject of the
claims of the invention. It should be appreciated by those
skilled in the art that the conception and the specific embodi-
ments disclosed may be readily utilized as a basis for modi-
fying or designing other structures for carrying out the same
purposes of the invention. It should also be realized by those
skilled in the art that such equivalent constructions do not
depart from the spirit and scope of the invention as set forth in
the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

For a detailed description of the preferred embodiments of
the invention, reference will now be made to the accompany-
ing drawings in which:
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FIG. 1 illustrates an embodiment of a nanorice particle;

FIG. 2A illustrates a schematic of an embodiment of a
method of making a nanorice particle;

FIG. 2B illustrates scanning electron microscope (SEM)
images (left) and transmission electron microscope (TEM)
images (right) of the prolate spheroid core particles;

FIG. 2C illustrates SEM and TEM images of the seeded
core particles;

FIG. 2D illustrates SEM and TEM images of the nanorice
particles with thin shells (13.1+1 nm);

FIG. 2E illustrates SEM and TEM images of the nanorice
particles with thick shells (27.5+1.7 nm);

FIGS. 3A-B illustrate the local field distribution corre-
sponding to the (A) longitudinal plasmon resonance and the
(B) transverse plasmon resonance.

FIG. 4 is a plot of the extinction spectra of nanorice par-
ticles with different shell thicknesses;

FIG. 5A is a plot of plasmon energy vs. aspect ratio (major
radius/minor radius) of the solid prolate spheroid and prolate
cavity. The solid lines refer to longitudinal polarization, and
the dashed lines refer to transverse polarization; and

FIGS. 5B-C are plots of (B) longitudinal and (C) transverse
plasmon energies vs. core aspect ratio of a nanorice particle.
The orange and blue lines indicate the relevant plasmon ener-
gies of the solid prolate spheroid and the prolate cavity
modes, respectively. The black and green lines refer to bond-
ing (w_) and antibonding (w, ) plasmons, respectively.

FIG. 6A is a plot the extinction spectra of a nanorice
particle as a function of solvent.

FIG. 6B is a plot of the shift of the longitudinal and trans-
verse plasmon energies as a function of the solvent refractive
index.

NOTATION AND NOMENCLATURE

Certain terms are used throughout the following descrip-
tion and claims to refer to particular system components. This
document does not intend to distinguish between components
that differ in name but not function. In the following discus-
sion and in the claims, the terms “including” and “compris-
ing” are used in an open-ended fashion, and thus should be
interpreted to mean “including, but not limited to . . . .

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 1 illustrates an embodiment of a nanorice particle
100. Embodiments of the nanorice particle 100 are character-
ized generally by a novel prolate spheroid or ellipsoid shape
(i.e. rice-shaped, cigar-shaped, spindle-shaped, football-
shaped, needle-shaped) as shown in FIG. 1. As defined herein,
a prolate spheroid or ellipsoid is a body having the dimen-
sions illustrated in FIG. 1, where a and b are the equatorial
radii, and c is the polar radius. In a prolate spheroid or ellip-
soid, a is equal to b, but a and b are both less than c. When
viewed as a transverse cross section, a is the semi-minor axis
and c is the semi-major axis, where ¢ is greater than a in an
ellipse. The aspect ratio, as defined herein, is the ratio of ¢ to
a. Inpreferred embodiments, core 101 has an aspect ratio of at
least 2, preferably at least 3, more preferably at least 4.

Embodiments of the nanorice particles 100 generally are in
the nanoscale range i.e. having dimensions no more than 1000
nm. More specifically, nanorice particles may comprise a
longitudinal length (twice the length of the semi-major axis,
¢) ranging from about 10 nm to about 1000 nm, preferably
from about 100 nm to about 800 nm, more preferably from
about 200 nm to about 500 nm. Furthermore, embodiments of

10

15

20

25

35

40

45

60

65

4

the nanorice particles may comprise a transverse width (twice
the length of the semi-minor axis, a) ranging from about 1 nm
to about 500 nm, preferably from about 10 nm to about 250
nm, more preferably from about 20 nm to about 100 nm.

Still referring to FIG. 1, in an embodiment, the nanorice
particle 100 comprises a prolate spheroid-shaped core 101
coated or surrounded with at least one conductive shell 103.
The core may be solid, or alternatively may be hollow or
porous. Core 101 of nanorice particle typically comprises a
dielectric material. In certain embodiments, core 101 com-
prises a metal oxide. In one embodiment, core 101 comprises
hematite or iron oxide. However, core 101 may comprise any
suitable dielectric material. Other examples of suitable core
materials include without limitation, iron, cadmium, electric
insulators, silicon dioxide, titanium dioxide, polymethyl
methacrylate (PMMA), polystyrene, gold sulfide, macromol-
ecules such as dendrimers, or combinations thereof. In certain
embodiments, core is comprised of a semiconductor material.
For example, without limitation, core may be made of CdSe,
CdS or GaAs. In other embodiments, colloidal silica may be
the core material.

According to an embodiment, the conductive shell 103
comprises a metallic compound or combination of metallic
compounds. However, the core 101 may be coated with any
conductive material. In at least one embodiment, the conduc-
tive shell 103 comprises gold. Examples of other suitable
materials include without limitation, one or more of silver,
copper, aluminum, titanium, chromium, or other conductive
metals known to those of skill in the art. In further embodi-
ments, core 101 may be surrounded or coated with more than
one conductive shell or alternatively a multi-layered shell.
Each shell layer may comprise the same material or different
materials and may be of the same or different thickness. In a
further embodiment, nanorice particle 100 may comprise a
non-conductive or dielectric shell layer. The dielectric shell
layer may be disposed between conductive shell 103 and core
101. In addition, the dielectric shell later may comprise the
same or different thickness than conductive shell 101.

In another embodiment, the aspect ratio of nanorice par-
ticle 100 i.e. the outer aspect ratio may be different than the
aspect ratio of core 101 i.e. inner aspect ratio, as measured
from the outermost radial distance (e.g., semi-minor axis, a,
or semi-major axis, ¢) of the particle 100 and core 101. That
is, core 101 may have a different prolate-spheroid shape than
the overall nanorice particle 100. In an embodiment, the outer
aspect ratio of the nanorice particle 100 is at least about 2,
preferably at least about 3, more preferably at least about 4.

The aspect ratio of nanorice particle 100 may be manipu-
lated by changing the thickness of conductive shell 103. In an
embodiment, the thickness of the conductive shell is uniform.
In another embodiment, the thickness of the shell is non-
uniform. For example the thickness of the shell about the
equatorial region of the may be greater than the thickness of
the shell about the polar regions, thereby changing or manipu-
lating the aspect ratio of the nanorice particle. In embodi-
ments, conductive shell or layer 103 has a thickness ranging
from about 1 nm to about 100 nm, preferably from about 5 nm
to about 50 nm, more preferably from about 10 nm to about 40
nm.

It has been found that nanorice particles exhibit superior
longitudinal plasmon resonance characteristics. As defined
herein, surface plasmons are surface electromagnetic waves
that propagate along a metal interface. Surface plasmon reso-
nance (SPR) is a phenomenon where light is absorbed or
scattered due to excitation of the surface plasmons. The “cou-
pling” of the light to the surface plasmons causes the electro-
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magnetic field of the light to be significantly enhanced, also
known as local field enhancement.

In particular, embodiments of the nanorice particles allow
for finer or increased tunability of surface plasmon resonance.
As described above, in comparison to other geometries such
as nanorods or spheres, nanorice particles have at least three
parameters for increased tunability of surface plasmon reso-
nance. Specifically, these parameters are the aspect ratio of
core 101, the thickness of the at least one conductive shell
103, and the overall or outer aspect ratio of the nanorice
particle 100. The greater number of parameters allows for
finer tuning of surface plasmon resonance characteristics
such as without limitation, the surface plasmon resonance
wavelength. For example, in an embodiment, the conductive
shell thickness may be adjusted to change the surface plas-
mon resonance as shown in FIG. 4. In another embodiment,
the conductive shell thickness may be varied to adjust the
surface plasmon resonance sensitivity as shown in FIG. 5. In
other embodiments, the aspect ratio of the core 101 or the
overall aspect ratio of the nanoparticle 100 may by adjusted
while keeping the aspect ratio of the nanoparticle 100 con-
stant to tune the surface plasmon resonance.

Inyet afurther embodiment, the overall size of the nanorice
particles may be increased or decreased to tune the surface
plasmon characteristics. That is, the longitudinal length of
each nanoparticle may be adjusted while keeping the core
aspect ratio, overall aspect ratio constant, and conductive
layer thickness constant. Thus, for exemplary purposes only,
as longitudinal length of the nanoparticle is increased, the
transverse width of the nanoparticle is also correspondingly
increased. In other embodiments, the longitudinal length and
transverse width (i.e. overall size) of the core 101 is corre-
spondingly adjusted with adjustment of the overall size of
each nanorice particle in order to maintain shell thickness.
However, it is envisioned that all of the above parameters may
be manipulated to provide precise control of the surface plas-
mon characteristics as desired.

The plasmon resonance of nanorice particles may be
understood by applying the plasmon hybridization model to
the disclosed prolate spheroidal geometry. The sphere-cavity
model for spherical nanoshells can be generalized to describe
the plasmon resonances of embodiments of the nanorice par-
ticle, as the hybridization between plasmon modes of a solid
prolate spheroid and an ellipsoidal cavity inside a continuous
conductive shell. See Example 3, infra. Without being bound
by theory, it is believed that as the aspect ratio of the core 101
is decreased, the hybridization between the cavity and spher-
oid modes becomes progressively stronger resulting in larger
energy gaps between the bonding and antibonding plasmon
modes.

Furthermore, embodiments of the nanorice particles
present increased local field enhancement due to the shape of
the particles as shown in FIG. 3. In other words, the electro-
magnetic field enhancement of incident light at the nanorice
particle surface due to surface plasmon excitation is signifi-
cantly increased because of its prolate-spheroid shape. The
local field enhancement may be quantified as the amplifica-
tion of the incident light field directed at the nanorice particle.
In embodiments, each individual nanorice particle exhibits a
local field enhancement of at least about 60, preferably at
least about 70, more preferably at least about 80. In another
embodiment, each individual nanorice particle exhibits a
local field intensity enhancement of at least 3,000, preferably
at least about 4,000, more preferably at least about 6,000,
where local field intensity enhancement is the square of the
local field enhancement. The distribution of the local field
enhancement may be determined by numerical methods such
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as finite difference time domain (FDTD) analysis as is well
known in the art. See C. Oubre et al., 108 J. Phys. Chem. B.
17740 (2004), herein incorporated by reference. However,
other numerical methods may also be used to determine the
local field intensities of each nanorice particle.

Furthermore, the local field enhancement of the nanorice
particles has been found to extend away from the surface of
the nanoparticles. See FIG. 3. Thus, in certain embodiments,
each nanorice particle has a local field enhancement that
extends a distance ranging from about 5 nm to about 80 nm
away from the surface of the nanorice particle, preferably
from about 10 nm to about 60 nm, more preferably from about
30 nm to about 50 nm.

The strong local field enhancement in embodiments of the
nanorice particles may be especially useful for Surface
Enhanced Raman Spectroscopy (SERS). Raman scattering or
the Raman effect is the inelastic scattering of a photon. When
light is scattered from an atom or molecule, most photons are
elastically scattered (Rayleigh scattering). The scattered pho-
tons have the same energy (frequency) and, therefore, wave-
length, as the incident photons. However, a small fraction of
scattered light (approximately 1 in 1000 photons) is scattered
from excitations with optical frequencies different from, and
usually lower than, the frequency of the incident photons.

In SERS, the Raman effect may be greatly enhanced when
it is close to embodiments of the nanorice particles. The
mechanism by which the enhancement of the Raman signal is
provided is from the local electromagnetic field enhancement
provided by the nanorice particles. The enhancement may
significantly increase the sensitivity of the Raman spectros-
copy technique. Thus, in one embodiment, each nanorice
particle may serve as a standalone, optically addressable
nanoscale substrate for spectroscopy techniques such as
SERS.

Another application of the strong local field enhancement
of'the nanorice particles is in photothermal cancer therapy. A
plurality of nanorice particles may be deposited or injected at
a tumor or cancerous site. The nanorice particles may be
functionalized with targeting molecules such as without limi-
tation, peptides, proteins, ligands, antibodies, or combina-
tions thereof. The tunability of the nanorice particles allows
the surface plasmon resonance to be tuned to the near-infra
red (near-IR) region. A light such as a laser at the plasmon
resonant frequency of the nanorice particles may be directed
at the nanorice particles. The strong local field enhancement
causes intense localized heating and the destruction of the
cancer cells.

In addition, embodiments of the nanorice particles possess
very high surface plasmon resonance (SPR) sensitivity. As
defined herein, the SPR sensitivity is the SPR wavelength
shift measured as a function of the refractive index of the
medium surrounding the nanorice particles. SPR sensitivity is
measured with units of nm RIU™" (Refractive Index Unit). In
an embodiment, the SPR sensitivity may be determined by
exposing a monolayer of nanorice particles on a polymer
coated glass slide to solvents with varying refractive indices.
In one embodiment, the glass slide is coated with polyvinyl
pyrilidinone (PVP). However, other polymers known to those
of skill in the art may be coated on to the glass slide. The
extinction spectra of the monolayer is taken using a UV-vis
near-1R spectrometer. SPR sensitivity is measured with units
of nm RIU™! (Refractive Index Unit). In embodiments, the
nanorice particles have a SPR sensitivity ranging from about
100 nm RIU™! to about 1500 nm RIU™', preferably from
about 300 nm RIU~! to about 1200 nm RIU™!, more prefer-
ably from about 600 nm RIU™ to about 1000 nm RIU™",
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In another embodiment, a method of making nanorice par-
ticles generally involves metallizing prolate spheriod-shaped
cores as depicted in FIG. 2. According to one embodiment,
the prolate spheroid-shaped cores 101 are made or fabricated
by hydrolysis of ferric salt solutions. See M. Ozaki et al., 102
J. Colloid Interface Science 146-151 (1984), herein incorpo-
rated by reference. Examples of ferric salts include without
limitation, ferric chloride (FeCly), Fe(NO,);, ferric sulfate, or
combinations thereof. In a particular embodiment, a solution
of ferric chloride with a dihydrogen phosphate such as with-
out limitation, potassium dihydrogen phosphate or sodium
dihydrogen phosphate, may be aged for a set period of time to
form the prolate spheriod-shaped core particles. In other
embodiments, ferric chloride is aged with a hydrogen phos-
phite such as without limitation, NaH,PO,. In an embodi-
ment, the concentration of the ferric salt solution ranges from
about 0.005 M to about 0.05 M while the concentration of the
dihydrogen phosphate ranges from about 1.0x10™* M to
about 5.0x10~* M. The solution may be aged at a temperature
ranging from about 50° C. to about 150° C. for a time period
ranging from about 12 hours to about 96 hours. The formed
cores may then be washed one or more times with water or
ethanol and then dispersed in solution. In other embodiments,
core 101 may be fabricated by photolithography techniques.

After prolate-spheroid shaped cores have been obtained or
fabricated, core 101 may be functionalized with an organosi-
lane compound. Examples of organosilanes include without
limitation, (3-aminopropyl) trimethoxysilane (APTMS),
aminopropyltriethoxy silane (APTES), mercaptopropyltri-
methoxysilane, 4-aminobutyldimethoxysilane, and the like.
Conductive nanoparticles 107 may then be immobilized or
coupled to core 101 to form a seeded core 101. Generally, the
conductive nanoparticles comprise colloidal metal nanopar-
ticles such as gold colloids. However, any suitable conductive
nanoparticle may be used. In an embodiment, conductive
nanoparticles are immobilized or seeded onto the surface of
functionalized cores with a nominal coverage of at least about
10% of the core surface, preferably at least about 20% of the
core surface, preferably at least about 30% of the core surface
as shown in FIG. 2.

Without being limited by theory, it is believed that the
immobilized conductive nanoparticles 107 act as nucleation
sites for electroless plating of a conductive material onto the
surface of core particles, leading to the gradual formation of
a continuous and complete conductive shell layer 103. In an
embodiment, coating or plating the conductive material on to
the core comprises the catalyzed reduction of a conductive
metal. In an embodiment, the conductive metal is reduced by
formaldehyde in an aqueous solution. Alternatively, the con-
ductive metal may be reduced with hydroxylamine hydro-
chloride or sodium borohydride. The coating methods are
similar to the metallization procedure used in metal nanoshell
synthesis, and shows that this approach is adaptable to pro-
duce uniform metallization layers on the surfaces of other
oxide nanoparticles. See Oldenburg et al., U.S. Pat. No.
6,685,986, herein incorporated by reference. Further metal
deposition onto the nanostructure increases the thickness of
the metal layer.

In embodiments, the nanorice particles may be homoge-
neously dispersed in solvents such as water and ethanol to
form colloidal solutions, added to polymeric or organic
media, or dispersed and immobilized on polyvinylpyridine
(PVP) coated substrates as individual, randomly oriented
nanoparticles.

To further illustrate various illustrative embodiments of the
present invention, the following examples are provided.
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EXAMPLE 1

Nanorice Particle Fabrication

Materials

Ferric chloride, (3-aminopropyl)trimethoxysilane, tetra-
chloroauric acid, tetrakis hydroxymethyl phosphonium chlo-
ride were purchased from Sigma-Alrdrich (St. Louis, Mo.).
37% formaldehyde, potassium dihydrogen phosphate and
200 proof ethanol were obtained from Fisher Scientific
(Hampton, Mass.). All the chemicals were used as received
without further purification. Ultrapure water (18.2 MO resis-
tivity) was obtained from a Milli-Q water purification system.

Nanorice Particle Fabrication

Monodisperse spindle-shaped hematite particles were fab-
ricated by forced hydrolysis of ferric chloride solutions.
Hematite particles with aspect ratio of 6.3 (340 nmx54 ml)
were prepared by aging 100 mL of aqueous solution contain-
ing 2.0x107> M FeCl, and 4.0x10~* M KH2PO,, at 10° C. for
72 hours. The resulting precipitate was centrifuged and
washed several times with water and ethanol. The precipitate
was finally dispersed in 25 mL of ethanol.

The surface of the hematite particles as functionalized with
APTMS to generate an amine moiety surface. 600 plL
APTMS was introduced into a 5 mL solution of the hematite
particles dissolved in ethanol. The mixture was stirred for 12
hours. The functionalized particles were then centrifuged and
redispersed in ethanol to remove excess APTMS. THPC-
capped gold nanoparticles were prepared using Duff’s
method (see D. G. Duffet al., 9 Langmuir, 2301-2309 (1993),
herein incorporated by reference), and then attached to the
functionalized hematite particle surface through gold-amine
interactions.

As described above, the attached Au colloids acted as
nucleation sites for the reduction of Au ions from solution on
to the core surface until continuous and complete gold nan-
orice particles were formed. Gold was coated on to the seeded
nanorice particles by seed-catalyzed reduction of AuCl,” ions
by formaldehyde in aqueous solution at room temperature.
See Oldenburg et al., U.S. Pat. No. 6,685,986, herein incor-
porated by reference. The growth of complete gold shells
typically took 5-10 minutes. In addition, the thickness of the
gold shell layer was controlled by adjusting the ratio between
the seed particles and the AuCl,” ions. Nanorice particles
with shell thicknesses ranging from about 8 nm to about 30
nm were fabricated. The extinction spectra of nanorice par-
ticles with different shell thickness is shown in FIG. 4.
Extinction spectra were obtained using a Cary 5000 UV/vis/
NIR (Ultra-violet/visible/near-infrared) spectrophotometer
in the wavelength range of 400 ml to 2400 nm.

Scanning electron microscope images were obtained on a
Phillips FEEI XI1.-30 environmental at an acceleration volt-
age of 30 kV. The samples for SEM measurements were
prepared by drop of colloidal solution on silicon wafer sur-
face under ambient air. TEM images were obtained using a
JEOL JEM-2010 transmission electron microscope.

EXAMPLE 2

Nanorice Particle Film Fabrication and
Determination of SPR Sensitivity

Nanorice films were prepared by immobilizing nanorice
particles on PVP-coated substrates. Briefly, glass slides were
cleaned in piranha solution (sulfuric acid:hydrogen peroxide)
and immersed in a 1 wt % solution of PVP in ethanol for 24
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hours. The slides were rinsed thoroughly with ethanol and
dried with N, gas. The PVP-functionalized slides were
immersed in an aqueous solution of nanorice for 1 hour. Upon
removal from the nanorice solution, the films were rinsed
with ethanol and dried with N,,. This resulted in a monolayer
of isolated nanorice particles with random orientations.

The monolayer of nanorice particles was exposed to sol-
vents with varying refractive indices. The following solvents
were used as shown in FIG. 6A: carbon disulfide, toluene,
n-hexane, methanol, and air. FIG. 6A shows the extinction
spectra of the monolayer films of nanorice particles immersed
in the different solvents. The resulting plasmon resonance
shifts were plotted versus the refractive index of the solvent in
FIG. 6B.

EXAMPLE 3

Dependence of Plasma Resonance on Nanorice
Particle Geometry Using the Plasma Hybridization
Model

The plasmon hybridization model was applied to the dis-
closed prolate spheroidal geometry to examine the plasmon
resonance of the nanorice particles. The sphere-cavity model
for spherical nanoshells was generalized to describe the plas-
mon resonances of embodiments of the nanorice particle, as
the hybridization between plasmon modes of a solid prolate
spheroid and an ellipsoidal cavity inside a continuous con-
ductive shell. The scalar potential used in the plasma hybrid-
ization model is described in the form:

N=Z[S;, (P, (cos ha)+
Conl01(c08 h)]Py (cos B)e™

where S,,, is the amplitude of the primitive plasmons of the
solid particle, and C,,, is the amplitude of the primitive plas-
mons of a cavity. P,,, and Q,,, are the associated Legendre first
and second order polynomials. The aspect ratio of the prolate
spheroid is taken as coth a.

For a solid prolate spheroidal particle consisting of a metal
with an electron density corresponding to a bulk plasmon
frequency wg, a metallic background polarizability of &,
immersed in a dielectric with permittivity €., cos h a=sin
a/coth a., the energies of the plasmon modes take the form:

Wy (@) = P,,,(cosha)Qy,(cosha) .
Sbm B &5 P, (cosha)Qy, (cosha) —

&g Py (cosha) @), (cosha)

M

For a prolate dielectric cavity of aspect ratio coth a filled with
a dielectric medium of permittivity w. in the same metallic
material, the plasmon energies are:

> Pu(cosh@)Q),(cosha) 2)
8 &5 Pyw(cosha)Q;,, (cosha) -

&¢ P, (cosha) Oy, (coshar)

2
WE (@) = @

Using the above equations, the plasmon energy as a func-
tion of aspect ratio may be calculated and are shown in FIG.
5A. In FIG. 5A, the dependence on aspect ratio of the trans-
verse and longitudinal plasmon resonances of an Au nanorod,
modeled as a prolate spheroid Eq. (1), and that of an elliptical
dielectric cavity embedded in an infinite Au volume Eq. (2) is
shown. Each of these nanostructures supports longitudinal
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and transverse plasmon resonances strongly dependent upon
aspect ratio, where an aspect ratio of 1 corresponds to the
spherical particle and cavity case. The cavity plasmon
described here corresponds to a void filled with a dielectric
medium of dielectric constant € =9.5, that of hematite. FIGS.
5B-C show the variation of nanorice particle resonances
when the aspect ratio of the core is varied while the overall
particle size and aspect ratio of the nanoparticle are held
constant, for the longitudinal (FIG. 5B) and transverse (FIG.
5C) resonances of the nanostructure. The nanorice particle
was made up of a metal with a bulk plasmon frequency of 8.95
eV andacoredielectric of 9.5. The aspect ratio of the nanorice
particle was held constant at 4.575.

While embodiments of this invention have been shown and
described, modifications thereof can be made by one skilled
in the art without departing from the spirit or teaching of this
invention. The embodiments described herein are exemplary
only and are not limiting. Many variations and modifications
of the system and apparatus are possible and are within the
scope of the invention. Accordingly, the scope of protection is
not limited to the embodiments described herein, but is only
limited by the claims which follow, the scope of which shall
include all equivalents of the subject matter of the claims.

What is claimed is:

1. A nanoparticle comprising:

a prolate spheroid-shaped core having a first aspect ratio,
wherein said prolate spheroid-shaped core comprises
hematite; and

at least one conductive shell surrounding said prolate
spheroid-shaped core, wherein said nanoparticle has a
surface plasmon resonance sensitivity of at least 600 nm
RIU-L.

2. The nanoparticle of claim 1, wherein said first aspect

ratio of said prolate spheroid-shaped core is at least 3.

3. The nanoparticle of claim 1, wherein said nanoparticle
has an aspect ratio diftferent than said first aspect ratio of said
prolate spheroid-shaped core.

4. The nanoparticle of claim 3, wherein said nanoparticle
has an aspect ratio of at least 4.

5. The nanoparticle of claim 1, wherein said nanoparticle
has a longitudinal length ranging from about 100 nm to about
1000 nm.

6. The nanoparticle of claim 1, wherein said at least one
conductive shell comprises a thickness ranging from about 1
nm to about 100 nm.

7. The nanoparticle of claim 1, wherein said at least one
conductive shell comprises a metal.

8. The nanoparticle of claim 7, wherein said metal com-
prises gold, silver, copper, titanium, palladium, platinum,
aluminum, or combinations thereof.

9. The nanoparticle of claim 1, comprising more than one
conductive shell.

10. The nanoparticle of claim 1, further comprising at least
one dielectric shell surrounding said core.

11. The nanoparticle of claim 1, wherein said at least one
dielectric shell is disposed between said core and said at least
one conductive shell.

12. The nanoparticle of claim 1, wherein said nanoparticle
has a local field enhancement of at least 60.

13. The nanoparticle of claim 1, wherein said nanoparticle
has a local field enhancement of at least 80.

14. The nanoparticle of claim 1, wherein said local field
enhancement extends at least 30 nm beyond the surface of
said nanoparticle.
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15. A method of making a nanoparticle comprising:

a) providing at least one core having a prolate spheroid
shape, wherein the core is provided by hydrolyzing a
ferric salt solution at a temperature of at least 100° C.;

b) coupling a plurality of functional groups to the at least
one core;

¢) coupling a plurality of conductive nanoparticles on to the
plurality of functional groups to form at least one seeded
core; and

d) reducing a conductive material on to the at least one
seeded core to form a conductive shell and make the
nanoparticle.

16. The method of claim 15, wherein the ferric salt solution

comprises ferric chloride.

17. The method of claim 15, wherein (a) comprises hydro-

lyzing the ferric salt solution with a dihydrogen phosphate.

18. The method of claim 15, wherein (a) further comprises

aging the ferric salt solution and the dihydrogen phosphate
for a time period ranging from about 12 hours to about 96
hours.

19. The method of claim 15, wherein (b) comprises mixing

the at least one core with an organosilane compound.

20. The method of claim 19, wherein the organosilane

compound comprises (3-aminopropyl)trimethoxysilane.

21. The method of claim 15, wherein the plurality of con-

ductive nanoparticles comprise gold nanoparticles.

22. The method of claim 15, wherein (d) comprises reduc-

ing gold ions on to the plurality of seeded gold in the presence
of formaldehyde.
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23. The nanoparticle of claim 1, wherein an outer aspect
ratio of the nanoparticle is at least about 2.

24. The nanoparticle of claim 1, wherein said nanoparticle
has a local field enhancement of at least 3000.

25. The nanoparticle of claim 24, wherein said local field
enhancement extends from about 5 nm to about 80 nm beyond
the surface of said nanoparticle.

26. The method of claim 19, wherein the organosilane
compound comprises (3-aminopropyl) trimethoxysilane,
aminopropyltriethoxy silane, mercaptopropyltrimethoxysi-
lane, 4-aminobutyldimethoxysilane, or combinations
thereof.

27. The method of claim 15, wherein (a) further comprises
washing the cores.

28. The method of claim 27, wherein the cores are washed
with methanol or ethanol.

29. The method of claim 15, wherein the plurality of con-
ductive nanoparticles provides nominal coverage of at least
10% of the core surface.

30. The method of claim 15, wherein reducing the conduc-
tive material comprises contacting the conductive material
with hydroxylamine or sodium borohydride.

31. The method of claim 15, further comprising dispersing
the nanoparticle in a solvent to form a colloidal suspension.

32. The method of claim 15, further comprising immobi-
lizing the nanoparticle.

#* #* #* #* #*
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